Aerobic conditions proved to be best for the microbial conversion of alpha-hexachlorocyclohexane (alpha-HCH) in a soil slurry. The dry soil contained 400 mg of alpha-HCH per kg. This xenobiotic compound was mineralized within about 18 days at an initial rate of 23 mg/kg of soil per day by the mixed native microbial population of the soil. The only intermediate that was detected during breakdown was pentachlorocyclohexene, which was detected at very small concentrations. Alpha-HCH was also bioconverted under methanogenic conditions. However, a rather long acclimation period (about 30 days) was necessary before degradation started, at a rate of 13 mg/kg of soil per day. Mass balance calculations showed that about 85% of the initial alpha-HCH that was present was converted to monochlorobenzene, 3,5-dichlorophenol, and a trichlorophenol isomer, possibly 2,4,5-trichlorophenol. Under both denitrifying and sulfate-reducing conditions, no significant bioconversion of alpha-HCH was observed. The beta isomer of HCH was recalcitrant at all of the four redox conditions studied. We propose that the specific spatial chloride arrangement of the beta isomer is responsible for its stability. The results reported here with complex soil slurry systems showed that alpha-HCH is, in contrast to the existing data in the literature, best degraded biologically in the presence of oxygen.
organisms show growth with lindane as the sole carbon and energy source (28) . Dechlorination of lindane to gammapentachlorocyclohexene was also shown to occur with fungi in aqueous suspensions (1, 12) and in algal cultures (26) . Few studies have been done on the biodegradation of HCH under denitrifying conditions. Only one pure culture of a denitrifying organism ( Paracoccus denitrificans) has been tested up to now (9) . No HCH conversion was observed. HCH degradation under sulfate-reducing conditions has not yet been studied.
In this report we describe the biodegradation of alpha-and beta-HCH in a heavily contaminated soil slurry. Depending on the redox conditions applied, the soil was seeded with activated sludge (aerobic and denitrification), anaerobic marine sediment (sulfate reduction), and anaerobic sewage sludge (methanogenesis). The possibilities for the engineering applications of the results for the cleanup of this and similarly contaminated soil environments are also discussed.
MATERIALS AND METHODS
Sampling. Large samples of contaminated soil were collected at a contaminated site in Hengelo, The Netherlands. The sampling depth was a maximum of 50 cm. The samples were sieved through an 8-mm-mesh sieve. Fifty kilograms of the sieved soil was made into a slurry (30% water; wt/wt), which was blended for several minutes until a smooth paste developed in which only a few soil clumps remained visible. The soil slurry was kept in individual batches at -20°C. Physical-chemical soil parameters and xenobiotic soil contaminants were analyzed from freshly thawed soil samples. Media (34) . It contained the following, per liter: NaCl, 19 .89 g; MgCl2, 1 (27) , and denitrification activity was determined as outlined by Yoshinari et al. (32) . Bacteria were counted in contaminated soil by the method described by Zvyagintsev et al. (34) . Aerobic alpha-HCHdegrading bacteria were counted by the most probable number method (22) . Before bacteria were counted, they were removed from the soil particles by high-speed blending (2x/min), followed by sonification (two times, 10 s each time, at 150 W).
Analytical precision. All reported biodegradation data are based on results of duplicate samples. Standard errors were within 15% of the values determined by gas chromatographic analyses and within 7% of the values determined by free chloride analyses. The HCH detection limit was 5 mg/kg of dry soil.
RESULTS
Characterization of the contaminated soil. Some of the characteristics of the soil slurry are as follows: soil water content, 30.0 ± 0.2% (standard deviation [SD] based on six samples); soil pH, 7.7 ± 0.1 (SD based on three determinations); soil organic content, 0.9 ± 0.06% (SD based on six samples); soil Kjeldahl nitrogen content, 0.052 ± 0.003% (SD based on five determinations); soil biochemical oxygen demand, below the detection limit; CaCO3, 38 + 2% (SD based on three determinations); specific weight, 1,870 ± 40 g/liter (SD based on three determinations); total soil bacteria, >108 cells per ml; aerobic alpha-HCH degraders, >103 cells per ml. The soil that was used had a rather high pH (about 7.7) and a low soil organic and Kjeldahl nitrogen content of about 0.9 and 0.05% (wt/wt), respectively. About 60% of the constituents of the soil was sandy material. The original sandy soil was treated with 38% (wt/wt) lime by the chemical company as they disposed their HCH wastes.
The soil was found to be contaminated with various chlorinated benzenes, as well as two dichlorophenol isomers ( Table 1 ). The contamination level of these aromatic compounds was relatively low, ranging from 0.32 mg/kg of dry soil for 2,3-dichlorophenol (2,3-DCP) to 4.34 mg/kg of dry soil for 1,2,4-trichlorobenzene. The major pollutants were alpha-HCH (400 mg/kg of dry soil) and beta-HCH (250 mg/kg of dry soil). Two other 14CH isomers, gamnma and delta, were also detected but at much lower levels (22 and 13 mg/kg of dry soil, respectively).
To differentiate between the inability of native populations, added microbial populations, or both to degrade HCH and the inhibition of HCH breakdown due to the chemicals (HCH and others) that were present in the contaminated soil, a toxicity test was performed. Depending on the redox conditions applied, oxygen consumption, N20 production, Toxicity data are presented in Fig. 1 . From these data it can be concluded that the contaminated soil was severely toxic for the mixed methanogenic and the marine sulfatereducing populations that were used but did not inhibit aerobic respiration or denitrification. To investigate whether the HCH that was present in the soil caused the observed inhibition, its effects on oxygen consumption and methane formation were tested as well. In these experiments, no soil was added and only the seed microorganisms (0.7 g [dry weight]/liter) were exposed to various alpha-HCH concentrations. No adverse effect was found under aerobic conditions (Fig. 1, dashed line) . Methanogenesis was slightly reduced, but was reduced much less than at comparable HCH levels in soil. Therefore, it is probable that, in addition to HCH, other compounds (or combinations thereof) that are also present in the contaminated soil are responsible for the inhibition of methanogenesis.
In all later soil experiments a contaminated soil concentration of 100 g (dry weight)/liter was chosen as a consequence of these results. This amount of soil was judged to be sufficiently small as to prevent excess toxicity and was sufficiently large to study the biodegradation of the xenobiotic compounds that are present in a soil slurry environment. External mass transfer limitations were found to be nonlimiting at the slurry concentrations used.
Microbial HCH degradation under different redox conditions. After a long lag time (about 25 days; Fig. 2A ), alpha-HCH was bioconverted at an initial rate of 13 mg/kg of dry soil per day under methanogenic conditions. The decrease of alpha-HCH was paralleled by an increase in MCB. Within 100 days, approximately 65% of the alpha-HCH that was degraded was converted into MCB. In addition, 3,5-DCP and a trichlorophenol isomer, possibly 2,4,5-trichlorophenol, also built up with time. A mass balance at day 100 showed that about 85% of the initial alpha-HCH that was present in the soil was converted to these aromatic intermediates. Also, 1,4-dichlorobenzene (1,4-DCB) increased from its background contamination level of 1.5 mg/kg to about 3.5 mg/kg at day 100 (data not shown). This increase was so small, however, that it may have resulted from the bioconversion of other chlorinated benzenes that were already present in the soil (Table 1) and not directly from alpha-HCH. The rest of the soil contaminants showed only small, if any, changes in concentrations. Intraparticle chemical adsorption might have caused this recalcitrance.
Over the 100 days of incubation, no significant decrease in alpha-HCH was obvious when sulfate served as the main electron acceptor (Fig. 2B) . Analogous to the case with the methanogen, however, MCB and 3,5-DCP built up during incubation. The degree of conversion, however, was much lower. Within 100 days about 6 and 1% of the initial alpha-HCH present was converted to MCB and 3,5-DCP, respectively. The observed intermediate buildup could also have resulted from conversion of the small amounts of gamma-HCH or other soil contaminants that were present (Table 1) .
No significant alphaLHCH biodegradation could be detected over the 103 days of incubation under denitrifying conditions (Fig. 2C ). In the later stage of the experiment, two intermediates, MCB and 1,4-DCB, were detected at low concentrations. A likely explanation for the observed alpha-HCH recalcitrance was the presence of nitrate. Nitrate/has been shown to inhibit bacterial reductive dechlorination of gamma-HCH and dichlorodiphenyltrichloroethane (24, 30) . Aerobic conditions lead to a relatively fast (23 mg/kg of dry soil per day) and complete alpha-HCH bioconversion over the 100 days of the investigation (Fig. 2D) . Only one metabolite, pentachlorocyclohexene, was identified during incubation, but the concentrations were very low (at most, a few micrograms per liter). The observed aerobic behavior was superior to the behavior of the methanogen with respect to both lag time and conversion rates ( Fig. 2) and, therefore, was in sharp contrast to previously published data (3-6, 8, 17, 18, 31) , probably because of the inhibiting effect of certain soil contaminants on mixed methanogenic populations. The decrease in alpha-HCH, as determined by an increase in free chloride, was paralleled by a decrease in oxygen (Fig. 3) . A chloride balance showed that stoichio- incubated under the four redox conditions, but the slurries were not supplied with additional bacteria (Fig. 4) . The alpha-HCH concentration decreased to about 5 mg/kg of dry soil within 20 days in the presence of oxygen. However, it remained recalcitrant under the other three redox conditions studied. This is not surprising since no methanogenic activity could be detected in unseeded soil samples during the 100 days of incubation. The very low biochemical oxygen demand, the sandy character of the soil, and the constant exposure of the soil to air (top 50 cm of the soil) might have been the reason that no anaerobic microniches (23) , and thus, no methanogenic populations, developed in this soil.
To test the performance of aerobic seed for HCH degradation, a contaminated soil slurry was sterilized by gammaradiation before it was seeded with activated sludge. The amount of seed was 0.9% (expressed as the weight of the organic carbon per the weight of the dry soil). The alpha-HCH degradation behavior of these seeded samples was comparable to that of nonsterilized samples that contained 
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only the native microbial soil populations (Fig. 5) . From these data it can be concluded that the microorganisms that were originally present in the soil were sufficiently adapted for the efficient removal of alpha-HCH and that the aerobic seed organisms needed an acclimation period of about 9 days before alpha-HCH degradation started. Both microbial populations were able to remove the added dissolved organic carbon immediately, indicating that they were both active at the start of the experiment. The residual dissolved organic carbon fraction corresponded to the recalcitrant dissolved organic carbon background of the contaminated soil. As mentioned above, several investigators have indicated that beta-HCH is bioconverted by both pure anaerobic and facultative anaerobic cultures (9) , as well as by mixed anaerobic and aerobic microbial populations in soil suspensions (14, 15) . The observed potential of combined microbial populations to convert beta-HCH under all four redox conditions studied here is shown in Fig. 6 . No measurable decrease in beta-HCH was found under any of the four redox conditions tested. It cannot be concluded, however, that even very small amounts of beta-HCH were transformed. The experimental system was too complex, the beta-HCH concentration that was present was too high, and the analytical tools were not accurate enough (standard errors, 15%) to address that question properly. Despite these limitations, it can still be concluded that beta-HCH is much more recalcitrant than alpha-HCH.
DISCUSSION
In most studies on HCH degradation with pure cultures (3) (4) (5) (6) 17) , soil slurries (18, 31) , or sludge (8) , it has been reported that degradation is faster under methanogenic than oxidizing conditions. In this study, however, alpha-HCH was more quickly degraded aerobically. High concentrations of other xenobiotic compounds, and the resulting inhibitory effect for the methanogenic population, could have been responsible for our observations. Under aerobic conditions, alpha-HCH was mineralized, whereas under methanogenic conditions, alpha-HCH was only converted to MCB as the main end product. Whether the aerobic degradation of alpha-HCH reported here involves an initial reductive dechlorination or a dehydrochlorination, as indicated by the traces of pentachlorocyclohexene, is not yet known.
Under sulfate-reducing and denitrifying conditions, no significant alpha-HCH bioconversion was observed. The data are consistent with those reported previously (2, 9, 24) . By assuming that reductive dechlorination is the first step in From an engineering standpoint, aerobic conditions have been found to be the most feasible for cleaning up soil contaminated with alpha-HCH. It appears that for the biodegradation of this isomer, only sufficient soil homogeneity, water, oxygen, and nutrients are needed for complete mineralization. With respect to the potential of biotechnological processes to clean up soils contaminated with beta-HCH, we still have reservations. More work is needed in this area. For successful biotechnological application of aerobic alpha-HCH biodegradation, more information is needed on the optimum environmental conditions of both the overall soil environment, as well as on the microorganisms that are present in the soil.
